FabryPerot microcavities are used for the alteration of photoluminescence in hydrogenated amorphous silicon nitride grown with and without ammonia. The photoluininescence is red-near-infrared for the samples grown without ammonia, and blue-green for the samples growii with ammonia. In the Fabry-Perot microcavities, the amplitude of the photoluniinescence is enhanced, while its linewidth is reduced with respect to the bulk hydrogenated amorphous silicon nitride. The microcavity was realized by a metallic back mirror and a hydrogenated amorphous silicon nitride air or a metallic front niirror. The transmittance, reflectance, and absorbance spectra vere also measured and calculated. The calculated spectra agree well with the experimental spectra. The hydrogenated amorphous silicon nitride microcavity has potential for becoming a versatile silicon based optoelectronic device such as a colot flat panel display, a resonant cavity enhanced light emitting diode. or a laser.
INTRODUCTION
Interest in silicon (Si) as a material for optoelectronics has increased recently. With modern process techniques, it will be possible to integrate lasers, photodetectors, and waveguides on optoelectronic silicon motherboards. Hydrogenated amorphous silicon (a-Si:H)' has been used for the realization of planar waveguides, which will be able to route and modulate optical signals within such a silicon motherboard. An advantage of a-Si:H is that, it can be deposited by plasma enhanced chemical vapor deposition (PECVD) on almost any substrate at temperatures below 500 K, which makes it compatible with the microelectronic technology. Another advantage of the amorphous silicon2 as well as porous silicon3 is that, they attract interest as a potential optical gain medium because of their room temperature visible electroluminescence and photolununescence (PL).
Microcavities also continue to attract attention, due to their unique optical properties. 4 In a inicrocavity, two electromagnetic and quantum electrodynamic effects occur. First. the microcavity acts as an optical resonator for light rays with specific wavelengths, vhich after one round trip, return to their starting position in phase, i.e. , resonate in the rnicrocavity. Second, in a microcavity, the photon density of states are enhanced at the cavity resonances, when compared with the continuuni of photon states of a bulk sample. The spontaneous emission (luminescence) cross-sections (quantum efficiencies) at the microcavity resonances are larger than the bulk spontaneous emission cross-sections because of the enhanced photon density of states.5 Also, the luminescence cross-sections in between the microcavity resonances are snialler than the bulk spontaneous emission cross-sections. Alteration (i.e., enhancement and inhibition) of spontaneous emission in planar microcavities has been both observed experimentally and calculated theoretically.7 These properties of the niicrocavities are used in resonant cavity enhanced (RCE) photonic devices, which are wavelength selective and ideal for wavelength division multiplexing (WDM) applications,8 or color flat panel displays. In vertical cavity surface emitting lasers (VCSEL's),9 as well as microdisk,'° and microwire' lasers, the lasing threshold is reduced and the mode linewidth is narrowed. Siniilarly, in RCE light emitting diodes (LEDs) the efficiency, brightness, and directivity are enhanced.'2 Also, in RCE photodiodes,8 the quantum efficiency is enhanced.
Planar microcavity effects on the PL of porous n3 as well as Si/SiOx u4 have already been reported.
Recently, we have observed visible PL from a-Si:H, as well as its oxides (a-SiOx:H) and nitrides (a-SiNx:H) grown by low temperature VD' 5.1 6 In this paper, we report, the enhancement and inhibition of PL in an a-SiNx:H Fabry-Perot microcavity. The a-SiNx:H used in the microcavity is grown both with and without ammonia (NH). For the samples grown without NH3 the PL is in the red-near-infrared part of the optical spectnim, while for the samples grown with NH the PL is in the blue-green part of the optical spectrum. ' While the exact mechanism of the occurrence of the PL in bulk a-SiNx:H is still under discussion, we have suggested in Ref. 17 the use of a quantum confinement model.'8 There, it was proposed that, our samples consist of small a-Si clusters in a matrix of a-SiNx:H. The regions with Si-H and Si-N, having larger energy gaps due to strong Si-H and Si-N bonds. isolate these a-Si clusters, and form barrier regions around them. The PL originates from the a-Si clusters.
2. EXPERIMENTAL ARRANGEMENT 2.1. Hydrogenated amorphous silicon nitride (a-SiNx:H) growth without NH3
In the samples grown without NH, the microcavity was realized by a Au back mirror and an a-SiNx:H-air interface front mirror. First, the thin glass substrates were coated with 100 tim of Au. Second, a thin layer of a-SiNx:H was deposited on the Au coated substrates by PECVD. The flow rate of the PECVD gas [2% silane (SiH)in nitrogen (N2)J was 180 sccm, the radio frequency power 10 W, and the deposition chamber pressure 1 Torr. The metric thickness (L) ofthe aSiNx:H layer grown without NH was measured to be 1400 100 am.
Hydrogenated amorphous silicon nitride (a-SiNx:H) growth with NH3
In the samples grown with NH, the microcavity was realized by an Al back mirror and an a-SiNx:H-air interface front mirror or a a-SiNx:H-Al partially transmitting front mirror. First. the thin Si or quartz substrates were coated with 100 nm of Al. Second, a thin layer of a-SiNx:H was deposited on the Al coated substrates by PECVD. The flow rates of the PECVD gases were 180 sccm for 2% SilL, in N2 and 10 sccm for NFI, the radio frequency power 10 W, and the deposition chamber pressure I Torr. The metric thickness (L) of the a-SiNx:H layer grown with NH3 was measured to be 1000 100 nun. Finally, the samples were annealed in a forming gas atmosphere at 600°C for 10 miii. For the Al partially transmitting front metallic mirror microcavities, a thin (-I0 ,iin) layer of Al was deposited on the annealed samples.
2.3. Room temperature reflectance, transmittance, and photoluminescence measurements of a-SiNx:H The room temperature reflectance and transmittance measurements were made at 0° with respect to the surface normal with a resolution of 2 mu. The room temperature PL spectra were measured with a resolution of 0. 1 nni. The PL spectra were later corrected for the responsivity of the spectrometer and the photomultiplier tube. An Ar laser with a wavelength of514.5 am (457.9 nm) and a power of420 iiiW was focused with a 15 cm focal length cylindrical lens on the samples grown without (with) NH. The PL spectra were taken at 0±3 .6° with the laser at 30° with respect to the surface normal. During the PL measurements the temperature of the sample is not controlled and there might be local heating due to the poor thermal conductivity of the glass substrate. Local heating reduces the PL efficiency and broadens the PL linewidth.'9 However, the local heating would not considerably affect the general shape and features of the gain spectrum. As will be seen in the PL spectra, even though there might be local heating, we are observing strong PL from the samples and the PL is enhanced by the Fabry-Perot resonances.
EXPERIMENTAL RESULTS AND DISCUSSION
3.1. Hydrogenated amorphous silicon nitride (a-SiNx:H) grown without NH3 3.1 .1 . Transmittance, reflectance, and absorbance spectra of the a-SiNx:H grown without NH3
Figures 1, 2, and 3 show the measured and calculated transmittance, reflectance, and absorbance spectra of the a SiNx:H grown without NH, respectively. The absorbance spectrum is obtained by subtracting both the reflectance and transmittance spectra from unity, i.e., 100%. In the calculations, the total transmitted and the reflected electric fields for each wavelength were obtained using an absorbing Fabry-Perot iuicrocavily model. In this model, we assumed the sample to be a one dimensional absorbing dielectric slab on a glass substrate. The experimentally measured absorbance spectrum was obtained by subtracting both the experimentally measured transmittance and the reflectance spectra from 100%. This experimentally measured absorbance spectrum was then incorporated to the calculations of the transmitted and reflected electric fields. The calculated transmittance and reflectance at each wavelength were obtained from their respective electric fields. The calculated transmittance and reflectance intensity was subtracted from 100% to obtain the calculated absorbance intensity as a final check. 0 400 500 600 700 800 900 wavelength (nm) Photoluminescence spectra of the a-SiNx:H grown without NH3 Figure 4 shows the PL of the a-SINx:H grown without NH, whose transmittance, reflectance, and absorbance spectra were shown in Figs. 1, 2 , and 3. The PL intensily is modulated by the weak Fabry-Perot resonances, which correlate well with the maxima of the transmittance spectrum of Fig. 1 ,and the minima of the reflectance spectnim of Fig. 2 . The rednear-infrared PL has a broad linewidth (240 nm). This broad linewidth of the a-SiNx:H shows that, a-SiNx:H has potential as a novel photonic gain medium. Figure 5 depicts The two PL spectra of Figs. 4 and 5 were obtained under the same experimental conditions. When comparing the spectra iii Figs. 4 and 5, the PL of the inicrocavity with the Au mirror has 3 noteworthy features with respect to the PL of the a-SiNx:H : (1) there is a 2X increase of the overall spectnim average (i.e., averaging out the Fabry-Perot resonances), (2) there is a 4X enhancement of the PL peaks, and (3) the PL dips have similar amplitude. These 3 features are noticed with respect to the PL of the a-SiNx:H. The 2X increase is due to the "round trip" of the excitation Ar laser in the Fabry Perot cavity due to the back Au mirror. Since the wavelength of the Ar laser is non-resonant, the input laser light does not resonate in the cavity, which would have enhanced the PL further. The 4X enhancement at the resonances, are clearly due to the combined effect of the enhancement of the PL by the cavity resonances with that of the input laser reflecting from the back Au mirror. The PL dips having the same amplitude in both spectra is due to the inhibition of the PL in between the resonances.
Hydrogenated amorphous silicon nitride (a-SiNx:H) grown with NH3
3.2.1. Transmittance, reflectance, and absorbance spectra ofthe a-SiNx:H grown with NH3 Figures 6, 7 , and 8 show the measured and calculated transmittance, reflectance, and absorbance spectra of the aSiNx:H grown with NH3, respectively. The absorbance spectnun is obtained by subtracting both the reflectance and transmittance spectra from unity, i.e. , 100%. In the calculations, the total transmitted and the reflected electric fields for each wavelength were obtained using an absorbing Fabry-Perot tuicrocavity model. In this niodel, we assumed the sample to be a one dimensional absorbing dielectric slab on a quartz substrate. The experimentally measured absorbance spectrum was obtained by subtracting both the experimentally measured transmittance amid the reflectance spectra from 100%. This experimnentally measured absorbance spectnmni was then incorporated to the calculations of the transmitted amid reflected electric fields. The calculated transmittance and reflectance at each wavelength were obtained from their respective electric fields. The calculated transmittance and reflectance intensity was subtracted from 100% to obtain the calculated absorbaiice intensity as a fiuial check. Photoluminescence spectra of the a-SiNx:H grown with NH3 Figure 9 shows the PL of the a-SiNx:H grown with NH3 on Si together with the samples grown on quartz, whose transmittance, reflectance, and absorbance spectra were shown in Figs. 6, 7, and 8. The samples grown on quartz are used for transmittance, and reflectance measurements. The samples grown on Si are used for PL measurements, since Al sticks better to Si when compared with quartz. The PL intensity in Fig. 9 is modulated by the weak Fabry-Perot resonances. The mode number of these resonances were found to range from imi 7 (X 488 nnm) to am 6 0-6 572 mu). The PL is inhibited in between these two resonances at in 6.5 (?6 524 urn). The blue-green PL has also a broad hinewidth (100 nm). This broad liiiewidth of the a-SiNx:H grown with NH3 again shows that, a-SiNx:H has potential as a novel photonic gain medium. The The two PL spectra of Figs. 9 and 10 were obtained under the saiue experiiiiental conditions. When comparing the spectra in Figs. 9 and 10, the PL of the microcavity with the Al mirror has 3 noteworthy features with respect to the PL of the a-SiNx:H: (1) there is a I .3X increase of the overall spectnim average (i.e., averaging out the Fabry-Perot resonances), (2) there is a 2X enhancement of the PL peaks, and (3) the PL dips have similar amplitude. These 3 features are noticed with respect to the PL of the a-SiNx:H. The 1.3X increase is due to the "round trip" of the excitation Ar laser in the Fabry Perot cavity due to the presence of the back Al mirror instead of a Si substrate, which only partially reflects the incident beam. Since the wavelength of the Ar laser is non-resonant, the input laser light does not resonate in the cavity, which would have enhanced the PL further. The 2X enhancement at the resonances, are clearly due to the combined effect of the enhancement of the PL by the cavity resonances with that of the input laser reflecting from the back Al mirror. The PL dips having the same amplitude in both spectra is due to the inhibition of the PL in between the resonances. The PL spectra of Fig. 1 2 was obtained under the same experimental conditions as of Fig. 1 1 . When comparing the spectra in Figs. 1 1 and 12 , the PL of the niicrocavity with the Al back and front partial mirror has 3 noteworthy features with respect to the PL of the a-SiNx:H: (1) the overall spectral averages are the same (i.e., averaging out the Fabry-Perot resonances), (2) there is a 2X enhancement of the PL peaks, and (3) the PL dips have similar amplitude. These 3 features are noticed with respect to the PL of the a-SiNx:H. The 2X enhancement at the resonances, while the overall average being the same, are clearly due to the enhancement of the PL by the cavity resonances. The PL dips having the same amplitude in both spectra is due to the inhibition of the PL in between the resonances.
CONCLUSIONS
Iii conclusion, Fabry-Perot microcavities with dielectric and metallic mirrors are used for the alteration of photoluininescence in a-SiNx:H grown with and without NH. The photoluminescence of the bulk a-SiNx:H is in the rednear-infrared part of the optical spectrum for the samples grown without NH. However, the photoluminescence of the bulk a-SiNx:H is in the blue-green part of the optical spectntm for the samples grown with NH. These complementary colors cover the whole visible spectntm, and one can imagine a color flat panel display made out of a-SiNx:H pixels. The broad photolurninescence spectntm of the a-SiNx:H. also makes it a suitable source for WDM applications.
